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Pentobarbital potentiates γ-aminobutyric acid (GABA)-mediated inhibitory synaptic
transmission by prolonging the open time of GABAA receptors. However, it is unknown
how pentobarbital regulates cortical neuronal activities via local circuits in vivo. To
examine this question, we performed extracellular unit recording in rat insular cortex
under awake and anesthetic conditions. Not a few studies apply time-rescaling theorem
to detect the features of repetitive spike firing. Similar to these methods, we define an
average spike interval locally in time using random matrix theory (RMT), which enables us
to compare different activity states on a universal scale. Neurons with high spontaneous
firing frequency (>5 Hz) and bursting were classified as HFB neurons (n= 10), and those
with low spontaneous firing frequency (<10 Hz) and without bursting were classified as
non-HFB neurons (n = 48). Pentobarbital injection (30 mg/kg) reduced firing frequency
in all HFB neurons and in 78% of non-HFB neurons. RMT analysis demonstrated that
pentobarbital increased in the number of neurons with repulsion in both HFB and non-
HFB neurons, suggesting that there is a correlation between spikes within a short
interspike interval (ISI). Under awake conditions, in 50% of HFB and 40% of non-HFB
neurons, the decay phase of normalized histograms of spontaneous firing were fitted
to an exponential function, which indicated that the first spike had no correlation with
subsequent spikes. In contrast, under pentobarbital-induced anesthesia conditions, the
number of non-HFB neurons that were fitted to an exponential function increased to
80%, but almost no change in HFB neurons was observed. These results suggest that
under both awake and pentobarbital-induced anesthetized conditions, spike firing in
HFB neurons is more robustly regulated by preceding spikes than by non-HFB neurons,
which may reflect the GABAA receptor-mediated regulation of cortical activities. Whole-
cell patch-clamp recording in the IC slice preparation was performed to compare
the regularity of spike timing between pyramidal and fast-spiking (FS) neurons, which
presumably correspond to non-HFB and HFB neurons, respectively. Repetitive spike
firing of FS neurons exhibited a lower variance of ISI than pyramidal neurons both in
control and under application of pentobarbital, supporting the above hypothesis.
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INTRODUCTION
The cerebral cortex has been a principal target in cognitive
neuroscience because it processes higher brain functions such
as cognition, voluntary movement, prediction, and learning
and memory. General anesthetics modulate the neural activities
of glutamatergic excitatory and GABAergic inhibitory neurons
(Patel and Chapin, 1990) and the synaptic activities in the cerebral
cortex (el-Beheiry and Puil, 1989; Wakita et al., 2013). As a result,
the excitatory and inhibitory balance is changed, and the brain
state transitions from conscious to unconscious (Vizuete et al.,
2012; Taub et al., 2013).
Pentobarbital, a short-acting barbiturate, potentiates
GABAergic inhibition by prolonging the duration of GABAA
receptors’ opening (Thompson et al., 1996); as a result, it
reduces the excitatory outputs from cortical local circuits.
Moreover, GABAergic interneurons project to neighboring
interneurons and/or themselves (Bacci et al., 2003; Koyanagi
et al., 2010). Therefore, the pentobarbital-induced potentiation
of GABAergic currents may induce disinhibition, facilitating
cortical outputs. To test these contradictory hypotheses, it is
critical to understand the pentobarbital-induced modulation
of excitatory and inhibitory neurons in vivo, specifically as it
relates to how pentobarbital modulates firing frequency and
spike timing in each neuron.
Spike firing of the cortical neurons is often analyzed by the
firing rate (Tort et al., 2010; Chauvette et al., 2011) and spike
correlation, including autocorrelation (Chauvette et al., 2011)
and Fourier histograms (Tort et al., 2010), some of which are
used to examine the effects of anesthesia (Chauvette et al.,
2011). These methods, however, do not necessarily detect the
rhythmicity and regularity of neural firing because neural firing
often exhibits widely varying interspike intervals (ISIs). The
unfolding map, which is used in random matrix theory (RMT)
for spectral analysis (Mehta, 1991), defines an average spike
interval locally in time and enables the comparison of different
activity states on a universal scale. Therefore, the temporal
features of action potentials in multiple types of neurons may
be described as a simple temporal phenomenon by RMT. RMT
was first employed in mathematics and was introduced in
physics in the 1950s to describe the energy spectrum of nuclei
(Wingner, 1951; Dyson, 1962, 1963a,b). Since then, RMT has
been applied not only in nuclear physics but also in statistical
and multivariate analyses in many research fields, including
biophysics (Akemann et al., 2011). Thus, RMT is an established
methodology for analyzing and quantifying randomly occurring
events.
In this study, we classified cortical neurons into two subtypes,
high frequency with bursting (HFB) neurons and non-HFB
neurons, and examined the regularity of spike firing in awake
and pentobarbital-induced anesthetized conditions by RMT
analysis. We found that HFB neurons, presumably fast-spiking
GABAergic (FS) neurons, maintained a more consistent spike
firing regularity than did non-HFB neurons. This finding was
supported by our in vitro experiment that demonstrated smaller
variance of the ISI during repetitive spike firing in FS neurons
than pyramidal neurons.
MATERIALS AND METHODS
All experiments were performed in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals and were approved by the Institutional Animal Care
and Use Committee at Nihon University. All efforts were made
to minimize the number and suffering of animals used in
experiments.
Animals
Eight-week-old Wistar rats (184.4 ± 16.8 g, n = 15, male, Japan
SLC) were habituated to a stainless steel cylinder in their home
cages (27 cm× 45 cm× 20 cm) in a temperature- and humidity-
controlled environment (23 ± 2◦C; 55 ± 5%) under a 12-h
light/dark cycle with free access to food and water. The rats were
handled by an experimenter for 10–15 min twice a day for a
week; after habituation, lightweight head attachments (Isomura
et al., 2009; Kimura et al., 2012) (Narishige, Tokyo, Japan) were
surgically attached to the rat skulls using stainless steel screws
and dental resin cement (Super-Bond C&B, Sun Medical, Tokyo,
Japan; Unifast III, GC Corporation, Tokyo, Japan) under 2–2.5%
isoflurane anesthesia (Pfizer, Tokyo, Japan). The screw set on the
frontal cortex (2.5 mm anterior and 2.0 mm lateral to the bregma)
was used as an electrode (10 k) for electroencephalogram
(EEG) recording. The adequacy of anesthesia was gaged by the
absence of the hindlimbpinch reflex. The body temperature was
monitored using a rectal probe (BWT-100, Bio Research Center,
Japan) and was maintained at approximately 37◦C using a heat
pad. Rats received analgesic (Carprofen, 5 mg/kg, s.c., Zoetis,
Tokyo, Japan) and maintenance medium (10 ml, s.c., Sorita-T3,
Ajinomoto, Tokyo, Japan).
In vitro patch-clamp experiment was performed using 4-week-
old vesicular GABA transporter (VGAT)-Venus line A transgenic
rats (Uematsu et al., 2008), which have fluorescent labeling
(Venus) of almost all cortical GABAergic cells.
Behavioral Training
Wistar rats were placed in an automatic task-training system
(Isomura et al., 2009; Kimura et al., 2012) (custom-made by
O’hara, Tokyo, Japan), and their heads were affixed to the frame.
Rats were trained to perform the voluntary forelimb movement
task for 2–3 h a day with a 1-h break. A pure-tone cue sound
(8 kHz; 1 s) was presented every 4 s while the lever position
was at the center. If a rat pushed the spout-lever toward its
mouth within 1.5 s of the sound cue, a reward of 15 µl of
5 mM saccharin solution was received. After 3–4 days of training,
most rats completed the operant learning task and were able
to be kept quiet in the frame. These rats were then used for
electrophysiological recording as described below.
Unit Recording
On a recording day, the trained rat underwent a small
craniotomy, and an incision of the dura mater under 2.0–2.5%
isoflurane anesthesia was made to insert the recording electrode
into the left side of the insula cortex (IC). The IC processes
nociception and is considered to integrate nociception with
limbic information (Hanamori et al., 1998; Horinuki et al., 2015;
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Nakamura et al., 2015), and plays a pivotal role in regulating
oral functions and integrating interoceptive states into conscious
feelings (Naqvi and Bechara, 2009). Ropivacaine hydrochloride
(AstraZeneca, Osaka, Japan), a long-lasting local anesthetic, was
applied to the incisions to avoid the production of pain after
awaking from anesthesia. We secured vascular access from the
tail vein with an indwelling needle (Nipro, Osaka, Japan) filled
with heparin (200 unit/ml; Wako, Osaka, Japan). After recovery
from anesthesia, unit recording was performed.
The method of unit recording has been described
previously (Nakamura et al., 2015). The microelectrode
arrays (A1x32-Poly3-10mm-25s-177, NeuroNexus, Ann Arbor,
MI, USA), which have 32 circular sensors (diameter = 27 µm,
impedance = 1.37 ± 0.1 M at 1 kHz), were perpendicularly
inserted 1.0 mm anterior and 5.0 mm lateral to the bregma
and 4.0–4.7 mm from the cortical surface (Figure 1A). We
monitored the spike shapes of all channels on an oscilloscope
during the insertion of the electrode and fixed the electrode
when spikes were recorded in at least four channels. The number
of units recorded from a channel ranged from 0 to 2. Post hoc
histological examination was performed to identify the site of the
electrodes, and units recorded in the channel outside of the IC
were not included in further analysis. The action potentials were
recorded extracellularly, amplified, filtered, and digitized using
a Plexon Recorder System (band pass: 100 Hz–8 kHz; sampling
rate 31.25 kHz; Plexon, Dallas, TX, USA) and then stored on a
computer hard disk with recording software (ver. 2, Plexon). The
spikes were sorted into single units based on the peak amplitude,
the sum of the squared amplitude, and the half-width using
Off-line Sorter software (ver. 3, Plexon).
Electroencephalograms were recorded by an amplifier (band
pass: 1–300 Hz; ER-1, Cygnus Technology, Delaware Water
Gap, PA, USA), digitized, and stored on a computer hard disk
(Micro 1401 MK2, Cambridge Electronic Design, Cambridge,
UK). Power spectrum analysis was performed using dedicated
software (NeuroExplorer ver. 4, Plexon).
After 10–30 min of training, the spontaneously occurring
action potentials were recorded for 10–30 min under awake
conditions; then, 30 mg/kg pentobarbital sodium (Somnopentyl;
Kyoritsu Seiyaku Co., Tokyo, Japan) was intravenously injected
via the indwelling needle set in the tail vein as described
above. The duration of injection was approximately 30 s. Neural
activities gradually changed and reached a steady state within
5 min. We excluded the neurons that showed degrading spike
firing. We invariably found barbiturate spindles (Shaw et al.,
2001) and an increase in EEG power between 7 and 10 Hz after
pentobarbital injection (Noda and Adey, 1973; Jugovac et al.,
2006). Pentobarbital-induced increase in burst discharge in the
cerebral cortex (Harding et al., 1979; Zurita et al., 1994) is likely
to be an underlying mechanism of barbiturate spindle induction.
The present EEG finding suggest that our pentobarbital injection
protocol reliably induced anesthetic conditions (Figures 2B,C).
A minimum of ∼100 spikes were required for RMT analysis, but
most neurons showed a decreased firing frequency. Therefore,
the recording time for anesthetic conditions was extended by 10–
30 min beyond that used for awake conditions. During both the
awake and anesthetic conditions, recordings were obtained from
the same neurons (Figure 1E). After recording under anesthetic
conditions, the animals were euthanized by inhalation of CO2.
Spike Analysis
The duration at the half-amplitude of the negative peak from the
baseline was measured as the spike width. To distinguish burst
episodes from isolated spikes, we defined a burst episode as any
continuous group of two or more spikes (i) whose minimum
ISI was <5 ms and (ii) whose maximum ISI was <2.5 times
the minimum ISI. Statistical calculation of spike firing and
the power spectral density of spike firing was performed using
Neuroexplorer (ver. 4.110, Nex Technologies, USA).
The number of frequency values of Fourier analysis was 512
(bin width = 0.039 ms), with the maximum frequency set to
20 Hz.
RMT Analysis
Previous studies have demonstrated the advantage of time-
rescaling theorem to detect the characteristics of spike firing
(Brown et al., 2001). Similar to these methods, we define an
average spike interval locally in time and enables us to compare
different activity states on a universal scale using RMT analysis,
which enables us to distinguish whether events involve regularity.
We mapped an experimentally recorded spike train to the spike
train of the average interval one at any local time by the unfolding
transformation (Wingner, 1951; Brody et al., 1981; Guhr et al.,
1998). This procedure removes the system-specific average spike
density. We denoted the experimentally obtained train as {ti},
where {ti} is the i-th spike time, i = 1, 2, . . ., N, and N is the
total number of spikes. We denoted the unfolded spike train as
{xi}. The unfolding transformation and its complete procedure
are described in Supplementary Material. The ISI distribution
p(s) was defined as the probability density for two neighboring
spikes, xi and xi + 1, which had the spacing s. In cases of
an uncorrelated spike train, in which a certain spike does not
influence the timing of other spikes, i.e., a randomly sequenced
spike train, we showed that p(s) becomes the Poisson distribution
as follows: The probability that a spike lies between t and t + dt
is independent of t and is proportional to dt. The probability of a
spacing s is the probability that for a given spike at t there is no
other spike between t and t + s and that there is a spike between
t + s and t + s + ds. The interval s is divided uniformly into
M parts. The spikes are independent of time. The probability,
p(s;M), that there is no spike in s is the product of the probabilities
that there is no spike in each of the M divisions, which is given by
p(s;M) =
(
1− s
M
)M
(1)
In the limit, M → ∞, this probability becomes the Poisson
distribution,
p(s) = e−s (2)
p(s) expresses the probability of firing at time s. The Poisson
distribution means that zero interval firing occurs the most often
and the probability dampens exponentially as a function of s.
Based on this construction, it is clear that any deviation from
the Poisson distribution represents a correlation between spikes.
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FIGURE 1 | Extracellular recordings from IC. (A) A coronal Nissl-stained section showing the tract of a recording electrode (Aa). The boxed region in (Aa) is
magnified in (Ab). The arrowhead indicates the most ventral site of the tract. (B) Spontaneous activities of the IC neuron with a high firing rate with a burst (Ba) and
the IC neurons firing at a low frequency without a burst (Bb). The spikes were truncated. Both activities were recorded under awake conditions. (C) Averaged spike
waveforms shown in (B). Note the short spike width in (Ca) compared with that in (Cb). The neuron shown in (Ba) and (Ca) is classified as an HFB neuron (see
Materials and Methods). (D) Distribution pattern of IC neurons in the scatter plot with three axes: firing frequency, spike width, and the maximum number of spikes
within the burst (see Materials and Methods). According to the distribution pattern, the IC neurons are divided into two categories: HFB neurons with a high firing
frequency (>5 Hz) and large NSB max (≥5; open circles) and non-HFB neurons that fire at low frequency (<10 Hz, gray circles). Most HFB neurons showed a short
duration of spikes (<150 µs). (E) The result of cluster analysis. The recorded neurons were separated into two groups (open and gray circles) in the same way as
(D). (F) Spontaneous firing under awake conditions and after pentobarbital injection in the HFB neuron and non-HFB neuron shown in (Ba), (Ca) and (Bb), (Cb),
respectively. Bin width = 30 s.
The deviation at a specific value of s represents the correlation at
the time scale s.
To characterize correlations, we often use the shape of p(s)
over a short time, i.e., s ∼ 0, and the function of the decrease in
p(s) over a long time, i.e., s→∞. In the short time scale, if there
is a correlation, one of the well-known shapes of p(s) includes
suppression around s ∼ 0 and the appearance of a maximum.
Repulsion occurs when the maximum at s = 0 in the Poisson
distribution has shifted to a finite s. For the long time scale,
the typical decreases in p(s) are power or exponential decays.
Exponential decay, which agrees with the Poisson distribution,
represents no correlation; however, power decay represents a
long-term correlation.
RMT is usually used to extract a universal property of an
interacting system. The unfolding transformation removes the
system-specific average spike density. Because the unfolding
transformation is a coarse-grained operation, other coarse-
grained analysis is performed after unfolding to determine the
universal nature of a system. For example, the conventional
bin width of the unfolded histogram should be sufficiently
large. Setting the bin width too small may elicit system-specific
nature. The bin width in the RMT is set to the narrowest
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FIGURE 2 | (A) Pentobarbital-induced modulation of spontaneous firing frequency in HFB neurons (open; n = 10) and non-HFB neurons (gray; n = 48). The solid
and dashed lines indicate the mean firing frequency of HFB and non-HFB neurons, respectively. Both HFB and non-HFB neurons showed decreased firing
frequencies with pentobarbital (∗P < 0.001, paired t-test). (B) An example of EEG under awake (upper) and pentobarbital-induced anesthetic conditions (lower). The
arrows indicate barbiturate spindles with a predominantly negative polarity. (C) Power spectral density analysis obtained from the neuron shown in (B). Note the shift
of the peaks (<3 Hz in awake state to 7–8 Hz in anesthetic condition).
width that does not exhibit oscillation and/or detailed structure
in the histogram. Therefore, we analyzed the decay pattern of
the unfolded histogram, which involves coarse-grained but not
detailed temporal information, and fitted the decay using an
exponential function or power function.
Whole-Cell Patch-Clamp Recording
Cortical slices including the IC were prepared from VGAT-Venus
line A transgenic rats as previously, we reported (Kobayashi
et al., 2012; Koyanagi et al., 2014; Yamamoto et al., 2015).
Whole-cell patch-clamp recording was obtained from Venus-
negative pyramidal neurons and Venus-positive FS neurons
identified in layer V by a fluorescence microscope equipped
with Nomarski optics (×40, Olympus BX51W1, Tokyo, Japan)
and an infrared-sensitive video camera (C3077-78, Hamamatsu
Photonics, Hamamatsu, Japan). The composition of ACSF was
126 NaCl, 3 KCl, 2 MgSO4, 1.25 NaH2PO4, 26 NaHCO3,
2.0 CaCl2, and 10 D-glucose (in mM). Thin-wall borosilicate
patch electrodes (2–4 M) were made by a Flaming-Brown
micropipette puller (P-97, Sutter Instruments, Novato, CA, USA).
The internal solution contained 135 potassium gluconate, 5 KCl,
5 HEPES, 2 MgCl2, 2 magnesium ATP, 0.3 sodium GTP, and 5
EGTA in mM. The liquid junction potentials (−13 mV) was not
corrected in the present study. Electrical signals were recorded by
amplifiers (Multiclamp 700B, Molecular Devices, Sunnyvale, CA,
USA), digitized (Digidata 1440A, Molecular Devices), observed
on-line, and stored on a computer hard disk using Clampex
(pClamp 10, Molecular Devices).
The voltage responses of neurons to long depolarizing current
pulse (500 ms) injections were recorded at 30 ± 1◦C to examine
the ISI during repetitive spike firing. To obtain the variance of the
ISIs, 30–50 consecutive responses were recorded in control and
during application of pentobarbital sodium (100 µM, Kyoritsu
Seiyaku, Tokyo, Japan). The first 10 ISIs were quantitatively
analyzed using Clampfit (pClamp 10, Molecular Devices).
Statistics
Data are expressed as the mean ± SD except as otherwise
specified. All data were collected for the RMT analysis and have
not been published elsewhere. The imbalance of the sample
size between HFB and non-HFB neurons was caused by their
population in the IC, as shown in our previous in vitro study
(Yamamoto et al., 2010). Based on this study, we performed the
following statistical tests without any correction. Comparisons
of the firing frequency between awake and anesthesia conditions
were conducted using a paired t-test. Student’s t-test was used
to compare the firing frequency between HFB and non-HFB
neurons. χ2 tests were used for statistical comparisons of the
occupancy rate of the decay pattern and repulsion between
awake and anesthetic conditions. Cluster analysis of the recorded
neurons was performed under the condition that the spike width
is divided by 200. In the whole-cell patch clamp experiment, the
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variances of 1st to 10th ISI under pentobarbital application was
compared to those in control using a paired t-test. The variance of
pyramidal neurons was compared with that of FS neurons using
Student’s t-test.
To determine which function – exponential or power decay –
is better fitted to the unfolded histogram, the Kolmogorov–
Smirnov test was performed. The function forms are the
exponential distribution, P(s) = e−λs, where the parameter is
λ, and the type I Pareto distribution, P(s) = (s/k)−λ, where
the parameters are k and λ. We fitted the data in section
smin < s < smax· smin and smax were defined as the minimum and
maximum unfolded spike interval that were well fitted by a fitting
function, respectively. For example, in Figures 4 and 5, smax is
continuously varied from 1 to 10 in the awake condition and from
1 to 6 in the anesthetized condition to obtain the P-value using
the Kolmogorov–Smirnov test. We performed parameter fitting
using the maximum likelihood method and examined the results
obtained using the maximum likelihood logarithmic method. We
chose the function whose null hypothesis was not rejected at
the 95% confidence level. We adopted the function (power or
exponential) that statistically fitted the plot of the unfolded spike
interval, if the other function did not fit. In the case in which both
functions fit the plot, we evaluated the Classification Index (CI)
by comparing the residual sum of squares (RSS) obtained from
the following equation:
CI = RSSexp − RSSpow
(RSSexp+RSSpow)
2
× 100 (3)
The plot was considered to be fitted by power and exponential
functions in the case in which CI > 0.5% and < −0.5%,
respectively. In the case in which −0.5% < CI < 0.5%, the plot
was considered to fit neither a power nor an exponential function,
and the neuron was classified into the intermediate group (light
gray, Figure 6).
We used original software written in FORTRAN for statistical
analyses of the unfolding procedure. The statistical analysis for
hypothesis testing was performed using Mathematica (ver. 9.0,
by Wolfram Research, Champaign, IL, USA).
Statistical analyses were performed using SPSS (ver. 12.0,
Chicago, IL, USA), except for the fitting evaluation and cluster
analysis, which was performed with Mathematica (ver. 9.0,
by Wolfram Research, Champaign, IL, USA). P < 0.05 was
considered significant.
RESULTS
Multiple extracellular recordings were performed from the
IC, including granular and dysgranular IC (Figure 1A),
which receive somatosensory inputs from oral structures
(Horinuki et al., 2015; Nakamura et al., 2015). We recorded
spontaneous neural activity from 58 neurons under both awake
and pentobarbital-induced anesthetic conditions. The recorded
neurons were distributed from layers II/III to layer VI. Under
awake conditions, the firing frequencies ranged from 0.12 to
22.4 Hz, and the mean frequency was 4.4 ± 5.2 Hz (n = 58). The
spike duration ranged from 81.3 to 275.0 µs (163.0 ± 52.7 µs,
n= 58).
Classification of IC Neurons
As shown in previous in vitro patch-clamp studies, FS neurons are
the major GABAergic neurons (Markram et al., 2004; Koyanagi
et al., 2010; Yamamoto et al., 2010; Kobayashi et al., 2012) and
are known to potently inhibit surrounding excitatory neurons
(Koyanagi et al., 2014). Our in vitro intracellular recordings
demonstrate that the spike duration is much shorter in FS
neurons than in other cell types (Koyanagi et al., 2010). These
electrophysiological features of FS neurons are also applicable in
extracellular recordings. In vivo juxtacellular recordings, which
can confirm the subtype of a recording neuron by post hoc
histological analysis, reveal that FS neurons show a shorter spike
width and a higher baseline frequency than pyramidal neurons
(Tseng et al., 2008; Isomura et al., 2009). Recent studies using
optogenetics made it possible to activate only parvalbumin-
positive (FS) neurons and demonstrated that the spike width of
parvalbumin-positive neurons was shorter than that of pyramidal
neurons (Cardin et al., 2009; Letzkus et al., 2011). In addition,
neurons with high spontaneous firing frequency and narrow
spike width often showed burst firing.
With respect to these characteristic features of FS neurons,
we classified the neurons recorded as either HFB neurons or
non-HFB neurons according to spike parameters, spike width,
spike frequency and the number of spikes within a burst (NSB;
Figures 1B–D). Neurons that had high firing frequencies (>5 Hz)
and large NSB max (>5) were classified as HFB neurons (n= 10).
Neurons with a spike width longer than 150 µs and with firing
frequencies lower than 10 Hz were classified as non-HFB neurons
(n = 48; Figure 1D). Thus, HFB neurons were considered to
be FS neurons, whereas non-HFB neurons were likely to involve
glutamatergic excitatory and non-FS interneurons.
We also performed cluster analysis in reference to adjusted
spike width, spike frequency, and the number of spikes within
a burst (Figure 1E). As a result, the recorded neurons were
classified into two groups as same as those in Figure 1D,
supporting the validity of the classification described above.
Pentobarbital Suppresses Firing
Frequency
Intravenous injection of pentobarbital rapidly decreased the
firing frequency of most recorded neurons, and within 10 min,
the decreased firing rate reached a plateau. Typical examples
of the effects of pentobarbital on spike frequency are shown in
Figure 1F.
A summary result of the effect of pentobarbital on
spontaneous spike firing frequency is shown in Figure 2A. In
HFB neurons, the firing frequency was reduced from 14.0 ± 5.4
to 3.7 ± 3.8 Hz (n = 10, P < 0.001, paired t-test), and in non-
HFB neurons, the firing frequency was reduced from 2.5± 2.2 to
1.3 ± 1.3 Hz (n = 48, P < 0.001, paired t-test). The suppression
rate of HFB neurons was 73.1 ± 20.6% (n = 10), which was
significantly larger than that of non-HFB neurons at 13.1± 85.2%
(n= 50; P < 0.05, Student’s t-test).
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Unfolding Transformation of Neural
Firing
Figure 3A shows an example of the spike trains before and
after the unfolding transformation in the different activity states
in a single neuron. Figure 3Aa shows spike trains that were
experimentally recorded on a real time scale. Both the awake
and anesthetic states were involved in the spike firing, with a
firing frequency of 12.8 Hz in the awake condition and 1.7 Hz in
the anesthetized condition. Figures 3Ab,c shows unfolded spike
trains on a universal time scale. The real time scale is stretched
and diminished locally to make the spike density 1. A high-
density region in real time becomes sparse on the universal
time scale after the unfolding transformation. Figure 3B shows
another example with a low firing rate (the firing frequencies were
1.0 Hz in the awake condition and 0.45 Hz in the anesthetized
condition). The recorded spikes for 80 and 150 s (Figure 3Ba;
shadowed spike firing, respectively) were transformed to the
short universal time (Figures 3Bb,c).
Estimation of Spike Firing Regularity of
RMT Analysis
In cases of no correlation between two adjacent spike timings,
the distribution pattern of a plot was fitted by exponential decay
without repulsion, whereas in cases of close correlation of spikes,
the distribution pattern of a plot should be fitted by a power decay
with repulsion (see Materials and Methods). We next analyzed
the spike train by unfolding transformation using RMT and
examined whether their unfolded histograms had repulsion and
which function – exponential or power – fit the histograms.
Figure 4 shows a typical example of non-HFB neurons whose
unfolded histogram was well fitted by a power function in
the awake conditions (Figures 4A,C,E) and by an exponential
function under the pentobarbital application conditions
(Figures 4B,D,F). In this non-HFB neuron example, repulsion of
the histogram was observed in the awake condition (Figure 4A)
but not in the pentobarbital condition (Figure 4B).
HFB Neurons Maintain High Regularity of
Spike Firing in Anesthetic Conditions
The unfolded histogram of non-HFB neurons that fit a power
or exponential function occupied 25 and 40% of total non-
HFB neurons, respectively, under awake conditions (Figure 6A).
However, pentobarbital changed this population such that 80%
of the non-HFB neurons showed an unfolded histogram that
was well fitted by an exponential function, whereas only 10%
of the non-HFB neurons were well fitted by a power function
(P < 0.001, χ2 test). In contrast, 50% of HFB neurons showed
a unfolded histogram that was well fitted by a power function,
and this trend was maintained even after the application of
pentobarbital (40%; P > 0.5, χ2 test).
In contrast to the large difference in the population of
unfolded histograms between HFB neurons and non-HFB
neurons, the population of HFB neurons with repulsion was
similar to that of non-HFB neurons (20 and 23%, respectively;
Figure 6B). The effect of pentobarbital on the population of
neurons with repulsion was also similar in HFB neurons and
non-HFB neurons in that the population of neurons with
repulsion was increased to 30 and 40% in HFB neurons and
non-HFB neurons, respectively.
FIGURE 3 | Examples of the unfolding transformation of spike firing. (A) Spike firing before, during, and after pentobarbital injection (Aa). Pentobarbital
decreased the density of spikes. Spike firing with a shadow transformed by RMT analysis is shown in (Ab) and (Ac). (B) Another example with low spike density
(Ba). Shadowed spike firing is transformed by RMT analysis shown in (Bb) and (Bc).
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FIGURE 4 | Normalized number of events plotted against the unfolded spike interval in awake (A,C,E) and anesthetized conditions (B,D,F). (A,B) An
example of a non-HFB neuron recorded in awake (A) and anesthetized conditions (B). Note repulsion under awake but not anesthetized conditions. (B) The
unfolded histogram shows recording from the same neuron described in (A) in the anesthetized state. Note the disappearance of repulsion. (C,D) The same data in
(A) and (B) are plotted on a single logarithmic chart in (C) and (D), respectively. (D) But not (C) is well fitted by a line, which suggests that the distribution pattern of
(D) was followed an exponential decay. (E,F) Plots of a double logarithmic chart shown in (A) and (B), respectively. The solid line in (E) indicates that the distribution
exhibits power decay. The dashed lines in (C–F) indicate a Poisson distribution.
FS Neurons Exhibit Smaller Variance of
Interspike Interval than Pyramidal
Neurons
To support the findings obtained from in vivo extracellular
recording described above, we performed in vitro whole-cell
patch-clamp recording from Venus-negative pyramidal neurons,
whose somata are pyramidal, and Venus-positive FS neurons.
FS neurons were characterized by a short spike duration with a
large afterhyperpolarization amplitude and a high repetitive spike
firing frequency without spike adaptation (Figure 7B; Kawaguchi
and Kubota, 1997; Kobayashi et al., 2012; Koyanagi et al., 2014).
These firing profiles suggest that most of HFB neurons are likely
to be FS neurons (Tseng et al., 2008).
Repetitive spike firing was induced by intracellular injection
of depolarizing current pulses (500 ms). The current intensity
was set at 50–150 pA that induced a constant repetitive firing
at 15–40 Hz (Figures 7A,B). Under application of ACSF
(control condition), pyramidal neurons showed repetitive spike
firing with adaptation. The superimposed traces of spike firing
exhibited a wide distribution especially in the later part of current
injection (Figure 7D). This spike jitter is induced by considerably
varying ISIs.
On the other hand, spikes of FS neurons showed ordered
arrays especially in the early part of current injection (Figure 7E).
To quantify these findings, the variance of the 1st to 10th ISI
was calculated as shown in Figure 7C. The variance of each
ISI in FS neurons (n = 13) tended to be smaller than that
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FIGURE 5 | Kolmogorov–Smirnov (K–S) test was applied to the unfolded histogram shown in Figure 4 of the awake (A,B) and anesthetic conditions (C,D)
to determine which function, a power or an exponential function, is better fitted to the unfolded histograms. The case of larger P-value in a power decay than an
exponential decay indicates that the unfolded histogram is better fitted by a power decay than an exponential decay, suggesting that the spike firing of this neuron is
regulated by preceding spikes. The range of the histogram that was evaluated by the K–S test was set from s = 0.5 to smax. (A) P-value of the K–S test when the
truncated histogram (smax was changed from 1 to 6) was fitted by a power function. Although the fitting is unstable in the cases in which 1.3 < smax < 1.9,
2.8 < smax < 3.6 and 4.7 < smax < 5.4, a high P-value indicates that the histogram can be fitted by a power function. (B) P-value of the K–S test when the
truncated histogram was fitted by an exponential function. Note that exponential decay was rejected for 2 < smax, indicating that an exponential function did not fit
the truncated histogram well in the awake condition of this neuron. (C,D) P-value obtained by fitting the truncated histogram with a power (C) or exponential function
(D). In the anesthetic condition, the firing of this neuron was better fitted by an exponential function than by a power function.
in pyramidal neurons (n = 16), though it is not statistically
significant (P > 0.05, Student’s t-test).
Pentobarbital Reduces the Variance of
Interspike Interval in FS But Not
Pyramidal Neurons
A large part of FS neurons have autapse, which contributes
to aligning the timing of spike firing (Bacci and Huguenard,
2006). Therefore, a significantly smaller variance of FS neurons in
comparison to pyramidal neurons may be due to the presence of
autapse in FS neurons. If so, an facilitating effect of pentobarbital
on GABAA receptor-mediated inhibitory post-synaptic currents
may further align spike firing in FS but not in pyramidal neurons.
To examine this possibility, we evaluated the variance of each ISI
before and during bath application of 100 µM pentobarbital in
pyramidal and FS neurons.
Pentobarbital had little effect on the variance of the 1st to 10th
ISI in pyramidal neurons (n = 16, P > 0.1, paired t-test). In
contrast, FS neurons showed a significant decrease in the variance
of each ISI during application of pentobarbital (Figure 7F; n= 13,
P < 0.01−0.05, paired t-test). The findings suggest that spike
regularity of FS neurons is maintained even under application of
pentobarbital, and fit the above hypothesis obtained from in vivo
experiments.
DISCUSSION
The reduction of spontaneous spike firing of IC neurons is a
prominent effect of pentobarbital, and the change in spontaneous
rate may contribute to anesthesia. The present study used RMT
analysis to explore the mechanisms of this finding in detail and
extracted the regularity of spike firing, which is regulated by
cortical local circuits composed of HFB and non-HFB neurons
in addition to their intrinsic membrane properties. We found
that during pentobarbital-induced anesthesia, non-HFB neuron
firing tended to be randomized, whereas HFB neurons tended
to maintain their firing regularity because a spike affected the
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FIGURE 6 | (A) Population of HFB and non-HFB neurons fitted with power
(dark gray), exponential (black), or intermediate decay (light gray) under awake
and anesthetized conditions. Pentobarbital increased non-HFB neurons fitted
with exponential decay (P < 0.001, χ2 test), whereas pentobarbital had little
effect on the population of HFB neurons. (B) The population of HFB and
non-HFB neurons with and without repulsion. Pentobarbital increased the rate
of neurons with repulsion in both HFB and non-HFB neurons.
timing of the next spike. In fact, the superior regularity of ISI
in FS neurons, presumably corresponding to HFB neurons, than
pyramidal neurons was demonstrated in the present in vitro
experiment.
Cell Classification
Because cell classification was performed based on extracellular
activities, it is possible that our study reflected the results of
contamination from both excitatory and inhibitory neurons
in the cerebral cortex. Herein, non-HFB neurons may have
included some inhibitory neurons, i.e., regular-spiking and low-
threshold spike interneurons. However, 80–90% of neurons in
the cerebral cortex are excitatory, and approximately half of all
GABAergic interneurons are classified as FS neurons (Kawaguchi
and Kubota; 1997). Therefore, we assert that most HFB neurons
are FS and that the non-HFB neurons reflect the results obtained
from excitatory neurons. Even if interneurons are involved in
the non-HFB neuronal responses observed, the percentage of
these misclassified interneurons is likely to be small within the
non-HFB neuronal population recorded (∼10%).
Methodological Advantage
Cortical neurons exhibit various temporal firing patterns, such as
regular, burst, and chattering, and have wide variations in firing
frequency depending on the neuronal subtype and the behavioral
state (Koyanagi et al., 2010; Neske et al., 2015). The spike timing
in a single neuron has been analyzed by mathematical methods,
including autocorrelation and Fourier transformation (Tort et al.,
2010; Chauvette et al., 2011). The detection of regularity by both
of these methods may be weakened when analyzing spike firing
with a mixture of high and low frequencies and/or variable firing
patterns.
Random matrix theory analysis normalizes each spike interval
by the local average spike frequency and generates spike firing on
a universal axis, thus enabling the estimation of spike intervals by
absolute values (universal time). The advantages of RMT analysis
are characterized by (i) not needing to consider the variation in
local spike frequency and (ii) easily estimating how spikes are
temporally distributed with respect to the average spike interval.
Thus, by RMT analysis, we can understand how a spike influences
the induction of subsequent spikes. A spike of a neuron induces
synaptic responses in other neurons or itself and may affect the
timing of the next spike via local or microcircuits. Therefore,
analyzing spike timing enables us to understand the behavior
of cortical local circuits, which is critical for elucidating the
mechanisms of anesthesia.
The bin size of the unfolded histogram was large enough
to exclude the possibility that the absolute refractory period
of neurons causes repulsion in the histogram: The absolute
refractory period is involved in the bin of the smallest spike
interval on a universal time scale. Therefore, the repulsion of the
unfolded spike interval histogram is caused not by the neuronal
absolute refractory period but by other neuronal mechanisms
that delay spike induction, possibly via cortical local circuits.
Reduction of Firing Frequency by
Pentobarbital
Pentobarbital injection consistently decreased the firing rates of
both HFB and non-HFB neurons. The decreased firing rate may
have been caused by the increase in the open time of GABAA
receptors by pentobarbital (Steinbach and Akk, 2001). This
conduction change increases the membrane conductance and
raises the rheobase (Steinbach and Akk, 2001). Both pyramidal
and FS cells receive dense GABAergic inputs from adjacent
interneurons in the IC (Koyanagi et al., 2010, 2014; Yamamoto
et al., 2010; Kobayashi et al., 2012). Therefore, the increase in
GABAA-receptor-mediated conductance may induce a stationary
reduction in spike frequency. In addition to the enhancement
of GABAergic currents via GABAA receptors, pentobarbital has
a suppressive effect on AMPA receptors (Taverna et al., 1994;
Joo et al., 1999). Pentobarbital-induced suppression of AMPA
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FIGURE 7 | Comparison of the variance of interspike interval (ISI) between pyramidal and FS neurons obtained by in vitro whole-cell patch-clamp
recording. (A,B) Spike firing properties of a pyramidal (A) and an FS neuron (B) responding to depolarizing current pulse injections. Note shorter spike duration and
higher repetitive spike firing in the FS neuron. (C) The 1st to 10th ISI were evaluated. (D,E) Repetitive spike firings of a pyramidal neuron (D) and an FS neuron (E)
responding to 500 ms depolarizing current pulses were superimposed (50 traces). Note the well aligned spikes of the FS neuron in control and under application of
100 µM pentobarbital. (F) The variances were plotted against the number of ISI. FS neurons show smaller variance of ISI during pentobarbital application in
comparison to those in control (∗P < 0.05, ∗∗P < 0.01, paired t-test). The variance of FS neurons was smaller than that of pyramidal neurons under pentobarbital
application (†P < 0.05, ††P < 0.01, †††P < 0.001, Student’s t-test).
receptors may also contribute to reducing spontaneous firing
frequency both in HFB and non-HFB neurons.
Why Does the Regularity of Spike Firing
of Non-HFB Neurons Decrease under
Anesthetic Conditions?
Pyramidal neurons, the principal cortical neurons, clearly
exhibit different fluctuations in the membrane potential between
the awake (conscious) and unconscious states, which are
characterized by “Up states” and “Down states” (Steriade
et al., 1993, 2001; Constantinople and Bruno, 2011; Ushimaru
et al., 2012). During Up states, membrane potentials are
depolarized, which frequently induces action potentials, EEGs
exhibit desynchronization (Steriade et al., 2001). In contrast,
anesthetic conditions induce alternative changes of the Up and
Down states, which show oscillations between the depolarized
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and hyperpolarized states with a slow-wave EEG (Metherate and
Ashe, 1993; Steriade et al., 1993; Cowan and Wilson, 1994).
In cortical local circuits, a spike induced in a pyramidal
cell evokes EPSPs in the neurons that receive glutamatergic
projections from that cell. Spikes can be elicited by EPSPs in
some of these post-synaptic neurons, and the evoked spikes
could then influence the pyramidal cell on the generation
of the next spike. Regardless of whether these neurons are
glutamatergic or GABAergic, the efficacy of inputs from
these neurons should be potent during Up states. When the
adjacent neurons are glutamatergic, reciprocal glutamatergic
inputs facilitate spike generation in the pyramidal cell.
However, when the adjacent neurons are GABAergic, the
timing of the next spike would be delayed by the returned
GABAergic inputs. Thus, the first spike in a pyramidal
cell is likely to modulate the initiation of the next spike
by activating the adjacent glutamatergic and GABAergic
neurons.
In contrast, the influence of the first spike on the second
spike is considered to be weakened during Down states because
the reversal potential of the GABAA-receptor-mediated potential
is very close to the membrane potential. Even when a spike is
elicited in a pyramidal cell, the adjacent neurons that receive
glutamatergic inputs from the pyramidal cell are less likely to fire
during Down states. Therefore, the first spike in the pyramidal
cell has less influence on the second spike during Down states
than during Up states. Considering the longer duration of
Down states in the anesthetic condition, the effect of a spike
of a pyramidal cell on the initiation of the second spike is
larger under awake conditions than under anesthetic conditions.
The present findings obtained by RMT analysis support this
idea.
In the IC slice preparation, thalamocortical inputs and not a
few local connections are lost, and in control condition, most
of neurons did not show spontaneous spike firing and rhythmic
depolarization of the resting membrane potential, i.e., UP states.
Therefore, it is likely that neurons in the IC slice preparation
stay in Down states. In the slice experiment, pyramidal neurons
exhibited larger variance of ISI than FS neurons. This may
support the finding of low regularity of spike firing of non-HFB
neurons in Down states.
Why Does the Regularity of Spike Firing
of HFB Neurons Not Change with
Pentobarbital?
Pentobarbital decreased regularity in non-HFB neurons but not
HFB neurons, although the firing frequency of HFB neurons
was significantly decreased by pentobarbital. FS neurons receive
glutamatergic inputs from pyramidal cells, and under anesthetic
conditions, we discovered that most of these pyramidal cells
showed random firing. These findings appear to be inconsistent
and raise the question regarding why HFB neurons that receive
random excitatory inputs are able to fire with regularity.
Several in vitro studies have demonstrated that FS cells
fire with a constant ISI via the activation of their autapse
(Bacci et al., 2003). More than 50% of FS cells show autaptic
currents immediately after action current induction, which
suggests that most FS neurons have autapses (Bacci et al.,
2003). This reason may explain the higher rate of fluctuation
in the histogram fitted to a power function in HFB neurons
compared with non-HFB neurons under awake conditions.
Pentobarbital may increase autaptic currents in addition to other
GABAergic synapses, and this facilitation of autapses could
compensate for the decreased regularity of excitatory inputs to
HFB neurons.
Our in vitro experiment demonstrated a lower variance of
ISI in FS neurons than pyramidal neurons in control. This may
be a mechanism underlying the regularity of spike firing of
HFB neurons. In addition, a decrease in the variance of ISI
by application of pentobarbital supports the above hypothesis
that facilitation of GABAA receptor-mediated inhibitory synapses
including autapses plays a critical role in spike firing regularity in
FS neurons.
Functional Implication
Under awake conditions, at least some pyramidal and FS cells
regulate the timing of subsequent action potentials, which results
in synchronized outputs from pyramidal cells. In contrast,
under pentobarbital-induced anesthetic conditions, FS, but not
pyramidal cells, maintain the regulation of spike timing. Taking
into account the frequent observation of electrical synapses
among FS neurons (Galarreta and Hestrin, 1999; Gibson et al.,
1999), the spike firing regulation of FS cells may reset the
excitation of cortical circuits and contribute to the induction
of slow oscillations. Indeed, pentobarbital increases the EEG
frequency of 5–8 Hz (θ/α band) as previously reported (Noda and
Adey, 1973).
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